Peer reviewed version Cyswllt i'r cyhoeddiad / Link to publication
Introduction 62
There is a growing body of literature indicating that the commonly held tenet of 63 population genetics, that genetic diversity should be correlated with population size, is 64 often violated, particularly for mitochondrial DNA (mtDNA) (Bazin et al. 2006) . When 65 mtDNA diversity is found to be low in currently abundant populations, several 66 hypotheses have been invoked to explain the discord, including population bottlenecks 67 (e.g., Hoelzel et al. 2002 ; O'Brien 1994), selection on mtDNA (e.g., Finch et al. 2014 ; 68 Foote et al. 2011) , variation in mutation rates (Lyrholm et al. 1996) , and cultural 69 hitchhiking (linkage of genetic variation to culturally transmitted traits affecting fitness; 
Genetic diversity analyses and diagnosability 161
The R package strataG (Archer et al. 2017a ) was used to calculate haplotype and 162 nucleotide diversity by geographically-defined population (stratum). To test if haplotypic 163 diversity and nucleotide diversity within strata were significantly different from one 164 another, we estimated the variance of each measure via a stratified bootstrap 165 (supplemental methods). In each iteration of the bootstrap, individuals were randomly 166 chosen with replacement from each stratum, with sample sizes determined by the 167 empirical data set. At each of the 1000 bootstrap replicates, differences in nucleotide and 168 haplotype diversity were calculated between each stratum (stratum 1 diversity -stratum 2 169 diversity, for each measurement). Strata were considered to have significantly different 170 haplotype and/or nucleotide diversity if the observed difference was in the lower 5% of 171 the distribution (strata 2 significantly greater diversity than stratum 1), or in the upper 5% 172 of the distribution (strata 1 significantly greater than stratum 2). 173 174 Diagnosability is a measure of the ability to correctly determine whether a specimen of 175 unknown origin can be correctly assigned to a group based on a trait or traits (Archer et 176 al. 2017b ). To test the diagnosability of mitogenome sequences between Atlantic and 177
Pacific sperm whales, we conducted a Random Forest analysis (Breiman 2001) to create 178 a model to classify samples to ocean basins following Archer et al. (2017b) . The Random 179
Forest was built with 50,000 trees. Each tree was built using a random draw of 25 180 samples (half of the smallest oceanic sample size of n = 50 for the Atlantic, including the 181
Gulf of Mexico and Mediterranean Sea) from each ocean basin to avoid biasing the 182 model due to differences in sample size. The upper and lower confidence intervals of the 183 correct classification score as well as the expected classification score (prior) were 184 calculated as described in Archer et al. (2017b) . 185
186

Phylogenetic analyses 187
Time-calibrated phylogenetic analysis was performed using two methods: creating a prior 188 distribution for the time to most recent ancestor (TMRCA) using a two-phase process 189 (described below), and estimating the TMRCA using previously Table S2 ). For the skygrid analysis, two chains of 242 100M states, sampling every 100,000 states, were run. For the skyline analysis, two 243 chains of 50 million states with sampling every 10,000 states were carried out. 244
Convergence was assessed for the two analyses by comparing posterior distributions 245 between chains in TRACER v1.6, and for topologies through RWTY. Demographic 246 reconstructions were generated through TRACER. Model comparison was performed in 247 TRACER using AICM with 1,000 bootstraps (Baele et al. 2012) . www.aquamaps.org, supported by previous research that suggested little correlation of 308 primary production with sperm whale distributional patterns: Jaquet & Whitehead 1996) . 309
Total sizes of distributions were subsequently calculated for both sexes in different ocean 310 basins for all three time periods. We calculated areas using both a probability threshold of 311 0.0 (approximating the mean annual native range of a species including some potentially 312 lesser utilized habitat) and ≥ 0.6 (shown to correspond to the core habitat of a species; 313 Kaschner et al. 2011) . 314
315
Selection analyses on mitogenome data 316
We aligned the codon-partitioned concatenated protein coding regions of newly 317 generated sperm whale mitogenomes with the multispecies mitogenome alignment of 318 Alexander et al. (2013) , and updated this with more recently published cetacean 319 mitogenomes/refseq versions of cetacean mitogenomes (see supplemental Table S3 for 320 all accession numbers). Using the priors detailed in supplemental Table S4, . MEME is designed to detect sites that have experienced episodic 330 diversification, while FUBAR is designed to detect sites that have experienced pervasive 331 diversification. We used both methods to detect any sites that have experienced positive 332 selection in the sperm whale. We conducted all of these analyses using just one 333 representative sperm whale haplotype (mtGen01), and GTR models of nucleotide 334 substitution (or REV models where GTR was not available). For investigating specific 335 sites inferred to be under positive selection we used α = 0.05 as the threshold for 336 statistical significance in HyPhy, MEME and FUBAR. Within PAML M8, we used 337
Bayes Empirical Bayes (BEB) (Yang et al. 2005) , with a threshold of P > 95%. ND4, ND5, CYTB) were generated by the SWISS-MODEL server (Schwede et al. 2003) , 345 using the templates specified in supplemental Figure S4 (best-fitting model based out of 346 the top four templates for each gene region), and visualized using UCSF Chimaera v1.11 347 (Pettersen et al. 2004 ). This 3D model was annotated with domains based on alignment to 348 the best-fitting template. We annotated a 2D model constructed with Protter ( there were 80 unique haplotype sequences (Table S5) . 364 365
Genetic diversity analyses and relationship of haplotypes 366
Mitogenome nucleotide diversity (π = 0.093%) was very similar to that reported 367 previously for samples predominantly obtained near New Zealand (0.096%, Alexander et 368 al. 2013) despite a 10-fold increase in sample size and global sample distribution. This 369 estimate may still be slightly inflated due to selection of some specimens to maximize 370 coverage of control region haplotype diversity both in this study and in Alexander et al. 371 (2013) . Sperm whales have some of the lowest documented mitogenomic diversity 372 among cetaceans (see Table 1 in Alexander et al. 2013 ), but haplotype diversity was high 373 overall (0.975) and differed significantly by ocean basin in all comparisons except "main 374 basin" Atlantic vs. Gulf of Mexico (GoMx: both haplotype and nucleotide diversity) and 375
Pacific vs. GoMx (nucleotide diversity) (Table 1; supplemental Table S6 ). Differences in 376 diversity remained significant for all comparisons except GoMx vs. Mediterranean 377 (haplotype diversity) even after removal of replicate haplotypes collected from the same 378 social group to control for oversampling of close relatives (supplemental Table S6 ). 379 380
Phylogenetic analyses 381
The time calibrated phylogeny for TMRCA of the four divergent sperm whale haplotypes 382 with outgroups (Phase I) is in supplemental Figure S5 . The mean substitution rate 383 estimate for all codons was 7.596E-3 substitutions/site/Myr (95% CI = 6.357E-3 -384 8.860E-3), lower than that estimated previously for the sperm whale (1.04E-2) and 385 odontocetes (1.0E-2) based on different parameters (Alexander et al. 2013 Mediterranean Sea), constituted 67% of the samples used in this study. These three CR 413 haplotypes were further divided into 17, 16, and 14 mitogenome haplotypes, respectively, 414 and the four samples from the Mediterranean Sea, all CR haplotype C, were split into two 415 unique haplotypes (supplemental Table S7 ). Apart from mt03 (CR haplotype A), 416 mentioned above, all of the 48 mitogenome haplotypes corresponding to these three CR 417 haplotypes were ocean-basin specific. 418
419
We conducted random forest analysis to determine the probability of assigning known 420 and newly discovered mitogenome haplotypes to ocean basin. When the GoMx and 421 Mediterranean (Med.) samples were collapsed into the Atlantic population for purposes 422 of assignment, results indicated 100% probability of correct assignment to the Pacific, but 423 only 78% probability for the Atlantic Ocean (Table 2) . Without the GoMx and Med. 424 samples, the assignment probability was slightly lower for the Atlantic (71%). The large 425 number of ocean-specific haplotypes (all but one shared Pacific/Atlantic haplotype) could 426 suggest high diagnosability, but the lower success is due to both the single shared 427 haplotype (mt03) and high similarity of several Atlantic haplotypes to Pacific haplotypes 428 (Figures 2, 3) . suitable habitat for females was reduced by 50% at the LGM (supplemental Table S8 ). 507
The latitudinal shift also indicates that the Atlantic and Pacific habitats were likely 508 completely separated by land masses, with only marginal potential for female dispersal 509 between ocean basins even in the current warmer period. Projections of future habitat at 510 the beginning of the next century suggest that dispersal between ocean basins may be 511 more likely, but that northern and southern hemisphere populations may become 512 separated (supplemental Figure S3) . 513
514
Selection analyses on mitogenome data 515 PAML detected a pervasive pattern of purifying selection across the cetacean 516 mitogenomes (supplemental Table S9 ), with the ratio of non-synonymous to synonymous 517 changes estimated as ω = 0.093. However, all methods except FUBAR detected at least 518 one site putatively under positive selection in the lineage leading to sperm whales (after 519 restricting sites inferred to be under positive selection to those where all sperm whales 520 showed a fixed amino acid substitution in comparison with the rest of the cetacean 521 species, supplemental Table S10 ). In total, 19 amino acids spanning 8 mitochondrial-522 encoded proteins were found to show signatures of positive selection in the sperm whale 523 (supplemental Table S10, Figure S4 was unable to distinguish between demographic causes and selective sweeps as the most 534 likely cause of this low diversity. Here, we showed that both the mitogenome and nuclear 535 genome analyses provide evidence of a population expansion and ocean-basin divergence 536 since the last interglacial period. The presence of this pattern across both genomes is 537 consistent with a historically small effective population size (suggested by the PSMC 538 plots for all three ocean basins) rather than selective sweeps on the mitogenome or 539 cultural hitchhiking of haplotypes as the primary cause of low mtDNA diversity in sperm 540 whales, despite our detection of sites under positive selection in the sperm whale 541 mitogenome. In contrast, the expectation proposed under the mitochondrial selective 542 sweep hypotheses (due to either direct selection on the mitogenome or a matrilineal 543 cultural trait, and hitchhiking of linked neutral mtDNA diversity) is discordant patterns 544 between the nuclear and mitochondrial genomes, with a decline in mitochondrial 545 diversity over time (Whitehead 2005 ) but limited or no concomitant decline in nuclear 546 DNA diversity. This expectation is at least partially due to the high rates of sex-specific 547 dispersal of males in sperm whales (Alexander et al. 2016) , and recombination in the 548 nuclear genome, unlinking the nuclear and mitochondrial genomes in these processes. 549
However, it is important to note that given the strong influence of social structure on 550 sperm whales (Whitehead et al. 2017) , and the detection of positive selection on the 551 protein-coding regions, we cannot rule out other forces, including cultural hitchhiking, 552 having further reduced mitogenome diversity in the sperm whale. Nevertheless, the 553 consistency of the inferred reduction in population size based on the nuclear genome 554
occurring at approximately the same time as the TMRCA of the mitogenomes suggests 555 demographic processes as the primary cause of low present-day sperm whale mtDNA 556 diversity. 557 
